We report the demonstration of monolithically integrated light-emitting diodes (LEDs) and power metal-oxide-semiconductor channel high-electron-mobility transistors (HEMTs) in GaN. The structure comprised a direct epitaxial integration of layers typical for a GaN-based LED grown directly on top of the layers of a GaN-based HEMT. The layers were then fabricated into a serially connected pair of GaN LED and metal-oxide-semiconductor-gated 0.3 lm-channel HEMT by exposing the LED/HEMT epitaxial layers in selective area etching. The resulting monolithically integrated circuit shows a full gate voltage modulation of the light output power. This demonstrates compatibility of group-III nitride LED and HEMT processes. GaN-based high-power light-emitting diodes (LEDs) used in lighting applications typically require dedicated electronic driver circuits for AC-DC power conversion, current sourcing, and dimming using pulse-width modulation (PWM) or analog current control methods.
GaN-based high-power light-emitting diodes (LEDs) used in lighting applications typically require dedicated electronic driver circuits for AC-DC power conversion, current sourcing, and dimming using pulse-width modulation (PWM) or analog current control methods. 1 GaN power switching field-effect transistors (FETs), such as metaloxide-semiconductor (MOS) FETs, high-electron-mobility transistors (HEMTs), and MOS-Channel HEMTs (MOSCHEMTs) have shown outstanding performance in terms of high breakdown voltage (BV), low specific on-resistance, and high operating frequency, [2] [3] [4] and can be very useful as output devices for emerging applications of high power-high voltage LED systems. Ultimately, monolithic integration of GaN-based LEDs and GaN power HEMTs can reduce the cost and the size of solid state lighting systems, improve system reliability, and serve as a technology platform for the development of light-emitting power integrated circuits (LEPICs). LEPICs can also play an important role in adding functionalities required for emerging solid state lighting applications such as visible light communication (VLC) and other LED control technologies required for future smart lighting applications. 5 Monolithic integration of GaAs-based LEDs and GaAs MESFETs has been previously demonstrated; 6, 7 however, there has been no report on similar monolithic integration in GaN. Chilukuri et al. reported monolithic integration of AlGaInP LEDs with Si CMOS on lattice engineered SiGe wafers by regrowth of the LED epi. 8 Liu et al. have reported monolithic integration of GaN LEDs arrays with Si CMOS using a flip chip method. 9 Previously, we have proposed three different approaches for the integration of GaN LEDs and HEMTs, including selective epi removal (SER), selective area growth (SAG), and 3-dimensional (3D) integration using GaN wafer bonding. 10 In this paper, we report on the experimental demonstration of the monolithic integration of GaN LEDs and GaN HEMTs using the SER process approach. 1.5 lm deep trenches around the exposed HEMT region for mesa isolation, the remaining Nþ GaN layer on top of the HEMTs was selectively etched using ICP-RIE, and the etching was stopped within the 20 nm UID GaN cap. The 20 nm GaN cap provides extra tolerance for the Nþ GaN etching stop point, and is intentionally left unetched as part of our high-voltage HEMT epi design for enhancing the BV of the MOSC-HEMTs.
11 500 nm-thick plasma-enhanced chemical vapor deposition (PECVD) SiO 2 was subsequently deposited, densified, and patterned as field plate oxide. Next, the submicron recess channels of the MOSC-HEMTs were patterned using electron beam lithography, and etched using ICP-RIE followed by the wet etch in tetra-methyl-ammonium hydroxide (TMAH) at 85 C for 15 min to remove dry etch damage. After cleaning, 50 nm SiO 2 was deposited as a gate dielectric using atomic layer deposition (ALD), followed by post-deposition annealing in an N 2 ambient at 1000 C for 30 min. Polysilicon was then deposited using low pressure chemical vapor deposition (LPCVD), doped with POCl 3 , and patterned as gate electrodes, followed by PECVD of 1000 nm-thick SiO 2 layer, which was densified as inter-layer dielectric (ILD). Ti/Al/Ni/Au was evaporated, lifted off, and annealed using rapid thermal annealing (RTA) at 800 C for 1 min in N 2 to form the ohmic contacts of the GaN MOSC-HEMTs and the cathode contact of the GaN LEDs at the same time. Then thin Ni/Au was evaporated on top of the GaN LEDs followed by RTA at 500 C for 1 min in O 2 to make the transparent Pþ ohmic contact to the LED. Finally, Ti/Al was evaporated and patterned as the interconnect metal between GaN MOSC-HEMTs and GaN LEDs. Figure 2(a) shows an optical image of our fabricated monolithically integrated serially connected GaN LED/HEMT pair. The GaN LED cathode is connected to the MOSC-HEMT drain by interconnecting metal layer, forming a series configuration as shown in the inset of Figure 2(a) . The LED/HEMT footprint ratio of the GaN HEMT area to the LED area shown in Figure 2 is 1.36, but mask design included integrated devices with a range of channel widths as well as designs using a single HEMT driving multiple serially connected LEDs, with the minimum footprint ratio as small as 0.09.
First, the basic I-V characteristics of the LED and HEMT elements were measured individually. Figure 3 shows the output I D -V D characteristics of the GaN MOSC-HEMT with channel length of 300 nm and channel width of 800 lm. Under a gate voltage of 16 V, the output current of the HEMT reaches 100 mA, which is the maximum current limit of the testing equipment. The effects of the 20 nm UID GaN cap layer in the drift region of the HEMT were examined using numerical device simulation software MEDICI. The simulated band diagram and electron/hole carrier concentrations are shown in Figure 4 . With the GaN cap layer, both the conduction band and the valence band in the AlGaN bend upwards, resulting in the 2-dimensional hole gas (2DHG) at the GaN cap/AlGaN interface along with the 2D electron gas (2DEG) at the AlGaN/GaN interface. This simulation result was consistent with the previous experimental reports on the similar HEMT epi structure with 10 nm GaN cap layer. 12 The 2DEG is induced by the positive polarization charge (þQ pol ) at the bottom AlGaN/GaN interface, and the 2DHG is induced by the negative polarization charge (ÀQ pol ) at the top GaN cap/AlGaN interface, whose value is equal to that of the þQ pol by nature. 13 When the HEMT is off and both 2DEG and 2DHG are fully depleted, the þQ pol and ÀQ pol precisely counter balance each other. This perfect charge balancing yields a uniform surface field in the HEMT drift region, which enhances the breakdown voltage of the HEMT.
14 Figure 5 shows the current and light output intensity vs voltage measured on a single 800 lm square GaN LED. The light output intensity was measured using a simple photodiode detector. The light output intensity as a function of the current density is shown in the inset of Figure 5 . Good linearity was observed for the low current density range explored in these measurements (<20 A/cm 2 ). Then the monolithically integrated GaN LED/HEMT pairs in serially connected configuration have been tested. No parasitic leakage between the LEDs and the HEMTs was observed, indicating effective isolation within our optimized mesa isolation process. 15 As seen in Figure 2 (b), the GaN LED emits bright blue light, when it is driven directly by the integrated GaN MOSC-HEMT. Figure 6 shows the LED current and the light output intensity as a function of the supply voltage and the HEMT gate voltage. The I-V characteristics of the integrated LED/HEMT pair are consistent with what is expected for a transistor connected in series with a diode, where the current is limited by the LED before it turns on, and by the saturation current of the transistor afterwards. The light output intensity shows that the LED light output has been fully modulated by the gate voltage of the MOSC-HEMT with good linearity.
In summary, we have demonstrated a GaN technology platform for fabricating monolithically integrated GaN LEDs and GaN power MOSC-HEMTs. The integration approach has been presented in detail, and the performance GaN MOSC-HEMTs, GaN LEDs, and the monolithically integrated GaN LED/HEMT pairs have been described. This work demonstrates that the electronic and opto-electronic properties of devices fabricated from (AlInGa)N and standard GaN device processing technologies are amenable to straightforward functional integration. The integration approach in this paper is but one of many possible approaches and can possibly be one of the basic building blocks of future LEPICs for many smart lighting applications. 
